High-density EEG was used to investigate the cortical processing of a rotating visual pattern in 2-, 3-, and 5-month-old infants and in adults. Motion induced ERP in the parietal and the temporal-occipital border regions (OT) was elicited at all ages. The ERP was discernable in the 2-months-olds, significant and unilateral in the 3-month-olds and significantly bilateral in the 5-month-olds and adults. The motion induced ERP in the primary visual area was absent in the 2-month-olds and later than in the OT area for the 3-month-olds indicating that information to OT may be supplied by the V1 bypass at these ages. The results are in agreement with behavioural and psychophysical data in infants.
Introduction
Visual motion elicits activation in a complex and widespread neural network (Sunaert, Van Hecke, Marchal, & Orban, 1999) . One area, the MT+ complex, is considered to have a key-role in this process (Zeki, 2004) . It is activated by visual motion (Barton et al., 1996; Born & Bradley, 2005; Gruber, Muller, Keil, & Elbert, 1999; Probst, Plendl, Paulus, Wist, & Scherg, 1993; Sunaert et al., 1999; Uusitalo, Virsu, Salenius, Näsä-nen, & Hari, 1997; Zeki, 1991) , processes perceived motion direction, and is crucial for the control of smooth pursuit eye movements (Komatsu & Wurtz, 1988; Newsome, Wurz, & Komatsu, 1988; O'Driscoll et al., 1998) . Patients with brain lesions that include the MT area have impaired motion perception (McLeod, Heywood, Driver, & Zihl, 1989; Schenk & Zihl, 1997; Zeki, 2004) and cannot perform smooth pursuit eye movements (Schoenfeld, Heinze, & Woldorff, 2002) .
In adults, the signal input to the MT complex is realized by two parallel visual pathways: one that propagates from lateral geniculate nucleus (LGN) to V1,V2 and finally to V5, the primary visual pathway, and one that projects to the MT+/V5 via superior colliculus (SC) and pulvinar (Buchner et al., 1997; Callaway, 2005; Ffytche, Guy, & Zeki, 1995; Schneider & Kastner, 2005; Schoenfeld et al., 2002) or via LGN (Sincich, Park, Wohlgemuth, & Horton, 2004) . The pathway via SC is suggested to be a phylogenetic old pathway, functioning for non-conscious fear (Morris, Ö hman, & Dolan, 1999) and fast moving stimuli (Buchner et al., 1997; Ffytche et al., 1995) . Interestingly, this short latency pathway has been suggested to dominate the immature visual motion processing in newborn infants (Atkinson, 2000; Dubowitz, Mushin, De Vries, & Arden, 1986; Snyder, Hata, Brann, & Mills, 1990) . Martin et al. (1999) , using functional MRI to study brain activation in young infants, found responses in subcortical structures when presenting flickering light to them. They concluded that the visual pathway for motion via SC is functioning in the neonate.
In addition to the activation of cells sensitive to coherent motion, (Sunaert et al., 1999) , visual motion also activates cells sensitive to the temporal correlation of the stimuli, that is, flicker (Bach & Ullrich, 1994; Spileers, Mangelschots, Maes, & Orban, 1996) . The response to flickering light is present at birth (Vitova & Hrbek, 1970) and the sensitivity develops during infancy (Apkarian, 1993; Fiorentini & Trimarchi, 1992; Regal, 1980) . In adults, several experiments with visual evoked potential, VEP, (Göpfert, Mü ller, & Simon, 1990; Kuba & Kubova, 1992; Kubová, Kuba, Spekreijse, & Blakemore, 1995; Schlykowa, van Dijk, & Ehrenstein, 1993) as an endpoint have shown that the response to flickering light strongly depends on adaptation (Herrmann, 2001; Kuba, Kubova, Kremlácek, & Langrova, 2007; Maurer & Bach, 2003; Schlykowa et al., 1993) , and the choice of pattern parameters is critical if a genuine motion response will be induced. However, the distribution of cells sensitive to flicker is different from the distribution of motion sensitive cells. Earlier fMRI studies on adults have shown that the flicker response to visual motion is maximal in V1 while the motion-specific response is less prominent or even insignificant at this location (Sunaert et al., 1999) . Sunaert et al. (1999) found that the flicker response continues to be strong in the ventral pathway but diminishes rapidly in the dorsal pathway. For instance, the response to flicker in the MT+ area was only 20-50% of the response in V1. In fact, the spatially different distributions of cells sensitive to coherent motion and to flicker give indications of the degree to which visual motion activates these two different kinds of cells in young infants.
The present study asked when cortical processing of visual motion develops in human infants and how the different parts of the visual cortex are activated. There is yet no brain imaging study that has answered these questions. The reason is that methods like PET, MEG and MRI are not generally accessible to a non clinical group of infants. Information about when the processing of visual motion begins to involve the cerebral cortex comes from behavioural studies and studies using VEP (Hamer & Norcia, 1994; Mason, Braddick, & Wattam-Bell, 2003; WattamBell, 1991 WattamBell, , 1992 . For example, Braddick, Birtles, Wattam-Bell, and Atkinson (2005) studied motion direction sensitivity in young infants with VEP and concluded that between 5 and 18 weeks of age the response becomes progressively stronger. Considering that human infants younger than 6-8 weeks of age do not discriminate motion direction, and do not smoothly pursue small moving objects is another indication that the MT complex is not processing coherent motion before that age. Between 6 and 14 weeks of age infant's ability to discriminate motion direction (Atkinson, 2000; Braddick et al., 2005; WattamBell, 1991) , and to smoothly pursue moving objects (Aslin, 1981; Rosander & von Hofsten, 2002; von Hofsten & Rosander, 1997) , improves rapidly. In a study of pattern motion integration in 2 to 5 month old infants, Dobkins, Fine, Hsueh, and Vitten (2004) concluded that at 2 months of age, cortical mechanisms process global coherent motion.
Questions related to how cortical processing of visual motion gets established, and especially how it differentially activates cells sensitive to the spatio-temporal (coherent motion) and temporal correlation (flicker) of the stimuli, can be made by analysis of the emerging spatio-temporal distributions of cortical activation over age. We used high-density EEG (EGI 128 Geodesic sensor net) in an ERP design to identify patterns of neural activity in 2-, 3-and 5-month-old infants and an adult group, when they watched stationary and rotating patterns of simple elements. The analyses were focused on changes occurring in the occipital-temporal border, the occipital and parietal regions as these are the ones activated by visual motion in adults. The way these cortical areas become increasingly involved with age provide information of how the visual pathways develop. The relationship between the activations of V1 and MT+, for instance, gives an indication of the degree to which visual motion activates flicker sensitive cells and cells sensitive to coherent motion. Furthermore, the relative timing of the activations of MT+ and V1 gives an indication of the origins of the input to these areas. For example, if the short latency visual pathway via the SC is functioning in the youngest infant groups, moving stimuli can be expected to activate MT+ before or without activation in the primary visual area.
Another set of questions relates to hemispheric asymmetries in the processing of visual motion. Such asymmetries have earlier been observed in adults and children for motion VEPs (Hollants-Gilhuijs, De Munck, Kubova, van Royen, & Spekreijse, 2000) . O'Driscoll et al. (1998) found left-side response with PET in the temporal-occipital order area during smooth pursuit. Furthermore, in a study of attention to motion Pavlova, Birbaumer, and Sokolov (2006) found left hemisphere MEG response in the parieto-occipital region. Uusitalo et al. (1997) measured cortical responses to rotational stimuli in adults using MEG. In some of their subjects the responses to motion were only detected unilaterally.
Materials and methods

Subjects
Adult subjects and parents of the participating infants were informed about the experiment upon arrival at the lab. A written consensus was signed in accordance with the Helsinki Declaration. The experiment was approved by the Ethics committee at Uppsala University. A total of 52 infants and 12 adults participated. There were 18 full-term infants aged 6-9 weeks (''2-months''), 16 infants aged 9.5-14 weeks (''3-months'') and 18 infants aged 20-23 weeks old (''5-months''). They were healthy and had no visual problems. The adults were 25-30 years old and had normal vision. All parents and all adult subjects were right-handed.
Stimuli
The stimuli were designed in E-prime (Psychology Software Tools Inc., 2002) . This program also synchronized the stimulus monitor with the EEG measurements. The stimuli consisted of an inner and an outer set of simple geometric figures positioned at the corners of two concentric pentagons on a static background grid (Fig. 1) . The colour of the figure elements was the same for a specific stimulus but varied between them (Table 1 ). The elements of the inner pentagon were 14-17 mm in diameter and were posi-tioned 20 mm from the centre of the pattern. The elements of the outer pentagon were 29-36 mm in diameter and were positioned 60 mm from the centre of the pattern. When the figures were set into motion, the inner and outer sets moved around the centre of the pattern in opposite directions at 60 deg/s. In terms of visual angle, the velocity of the inner elements was approximately 5 deg/s and the velocity of the outer elements 15 deg/s with 20 Hz motion frequency. In half the trials, the inner figures moved clockwise and the outer elements counter-clockwise and in the other half the motions were reversed. The counter rotation of the inner and outer sets of geometric figures in the motion stimuli were chosen in order to avoid eye movements.
The duration of every trial was 3 s. It always started with the stimulus pattern being stationary. On half the trials the patterns started to rotate after a random period of 0.8-1.25 s. The duration of motion was always 0.95 s. On half the trials the patterns remained stationary for the same period. The trial period was finished with showing a stationary colourful picture of an animal for 0.8-1.25 s. This was done to make the display more attractive. The onset and duration of the intermission picture as well as the onset of the static and moving parts of the pattern was randomized in such a way that an expectation response was avoided. Furthermore, the duty cycle is critical to avoid adaptation (Bach & Ullrich, 1994) . Thus, the proportion of time with motion was 16%. (in one half the 3 s trials motion was presented for 0.95 s). This is similar to the proportion of time with motion in earlier studies. For instance, Hollants-Gilhuijs et al. (2000) presented motion 19% of the time in a study on children, Kubová et al. (1995) presented motion 17% of the time, and Schmolesky et al. (1998) presented motion 14% of the time. Consequently, no adaptation (Bach & Ullrich, 1994; Krekelberg, Boynton, & van Wezel, 2006 ) was supposed to occur, also when considering the size of the stimuli (Mü ller, Gö pfert, Schlykowa, & Anke, 1990; Schellart, Trindade, Reits, Verbunt, & Spekreijse, 2004; Schlykowa et al., 1993; Sunaert et al., 1999) . A whole session took 6.4 min, and included 64 static and 64 motion trials.
Procedure
An appropriately sized 128-electrode EEG net (EGI Corp., Eugene, Oregon) was applied on the skull of the subject and adjusted so that the reference electrode (vertex) and the ear references were correctly placed. The infant was then immediately positioned in front of the monitor at a distance of 0.45-0.50 m. At this distance the display, viewed binocularly, covered 40°visual angle horizontally and 28°vertically. The 2-monthold infants were held by the parent over his/her shoulder such that the parent faced away from the monitor. This position was found to give good support to the infant's body without making the infant lean on the net. The older infants sat in a special baby seat (the ''Bumbo,'' SouthAfrica) that supported them in an upright sitting position and avoided leaning on the net. The light was dimmed during the experiment for the 3-and 5-month-old infants and was switched off for the 2-month-olds in order to make the surrounding less distracting. During the experiment, the face of the infant was recorded by a video camera placed on the top of the display monitor for later rejection of inattentive periods. The parent and two experimenters were always in the room. When the adult subjects were measured they sat in front of the monitor, at 45 cm distance, watching the stimuli.
EEG measurements
The brain electric potentials were recorded relative to the vertex, at 250 Hz. The analog filter (hardware filter, elliptical) used was 0.1 to 100 Hz (EGI Netstation 3.5, Eugene, OR).
Data analysis
The recommendations (Picton et al., 2000) and measurement routines suggested by Johnson et al. (2001) were carefully followed. After the experiment, data was bandpass filtered 0.1-80 Hz, transferred to EEGLAB toolbox (version 4.512) in the Matlab environment (Delorme & Makeig, 2004) , re-referenced to an average reference, and notch filtered (45-55 Hz to remove main voltage noise without smearing out high frequency artifacts). The video was inspected and extended intervals of inattention were excluded from further analysis. For the infants, we found that the lowest row of sensors in the neck seldom contacted the scalp, although the net was properly placed. These 21 sensors were excluded, as well as the most frontal ones (15 sensors), leaving 92 sensors to be analyzed. One second of data from each trial was extracted, 0.2 s before and 0.8 s after motion onset. Corresponding time intervals were extracted from the static trials. The resulting trials were base-line corrected using the interval before time-lock. An artifact routine analyzed each channel separately and removed trials with an amplitude range of >120 lV in infants and >30 lV in adults before the average ERP was calculated. If a subject had any region of interest, ROI, with less than 20 moving or stationary trials, the subject was excluded from further analysis. Group averages for the moving and the static condition were computed and low pass filtered at 20 Hz (Nyströ m, 2004).
Regions of interest (ROIs)
The regions of interest (ROI), i.e clusters of sensors (Fig. 2) were chosen to cover critical parts of the visual areas. The occipital ROI (OCC) covered the most medial-posterior-occipital part (sensors 75, 76 and 83), and the occipital-temporal (OT) border region covering the MT+ area was assigned to the sensor cluster that showed the highest ERP for motion in the study by Gruber et al. (1999) (52, 59, 60 and 86, 92, 93) . Finally, the sensors covering the parietal parts, (PAR), were chosen according to 38, 54 and 80, 81, 88) . The activity in each ROI and hemisphere was averaged for the ERP calculation. The sensor clusters chosen for the analyses of the present results coincide with those in adults for which source analysis have been performed, a strategy that has been applied in other developmental studies, as when comparing ERP detected in face perception in infants (Halit, de Haan, & Johnson, 2003) .
Statistics
Each individual ERP during the first 800 ms after motion onset was divided into 40 ms periods, and the mean was calculated for each period, thus giving 20 values for the stationary and 20 values for the motion conditions for each ROI. A set of GLM repeated measurement ANOVAs (one for each age level) were used to analyze the pattern of activation for the OT and PAR regions with motion (2), hemisphere (2) and time (20) as factors. In order to optimize detectability of activation in the V1 region, only one ROI was used to represent the activation of this area. Thus, the ANOVAs performed for OCC had only motion (2) and time (20) as factors. To analyze the motion related interactions between the OT and the PAR regions, ANOVAs including both these areas were conducted for each age group. In addition to these analyses, the effect of age was tested within each ROI. The independent variables were age, ROI, hemisphere, time after stimulus presentation (time), moving/stationary (motion), and the dependent variable was ERP voltage. Sphericity was always tested and, if necessary, the SPSS correction was used. The adult group was only included in the tests of the separate ROIs.
Results
Subjects
All infants accepted the sensor net very well and were interested in the stimuli. When the video films were inspected, no tracking eye movements or blinks were observed when the infant was attentive. In the group of 2-month-olds, 5 infants were excluded because of fussing and another 2 did not pass the artifact routine. Thus, a total of 11 subjects were analyzed. One subject was excluded in the 3-month-olds group because of fussing and 4 did not pass the artifact routine leaving 11 subjects to be analyzed. None of the 5-month-olds were excluded due to fussing and 3 did not pass the artifact routine leaving 15 subjects to be analyzed. In the adult group 11 out of 12 subjects passed the artifact procedure.
Scalp plots
Topographic head plots illustrating the differential activity changes in the temporal-occipital-parietal areas during the stimulus presentation periods are shown in Fig. 3 . The plots depict the average at each 100 ms period after stimulus onset. It can be observed that for the 2-month-olds, the response is small with a maximum at around 200 ms dominating on the left side. At 3 months the response is more wide spread and a peak is observed at around 500 to 600 ms, left side. In the 5-months the activation is clearly bilateral, starting on the left side. In adults it is also bilateral but with reversed polarity.
ERP distributions
The ERPs for the moving and stationary stimuli are shown in Fig. 4 . As can be seen from Fig. 4 , the time dependent effects of Motion change drastically with age. For the 2-month-olds they are just noticeable while they are quite dramatic for the 5-month-olds. All the 3 ROI's showed such age effects; OT (F(38, 646) = 5.309, p < 0.001, g 2 = 0.238), PAR (F(38, 646) = 3.570, p < 0.001, g 2 = 0.174), and OCC (F(38, 646) = 2.022, p < 0.001, g 2 = 0.106). Below the time dependent effects for each age level are reported.
The results from the 2-month-olds showed just marginally significant differences in the evolvement of the ERP signal over time between the moving and stationary stimuli in the OT (F(19, 190) = 1.564, p = 0.07, g 2 = 0.14) but not in the PAR (F(19, 190) = 1.501, p = 0.09, g 2 = 0.13) regions. For the OT region, the peak amplitude occurred at 260 ms. In addition, there is an interaction between Region (OT and PAR) and motion (F(19, 190) = 2.173, p < 0.004, g 2 = 0.18). As can be seen from Fig. 4 , the effect of motion is positive for the OT region and negative for the PAR region.
For the 3-month-olds, there is a significant effect of motion (F(19, 190) = 3.348, p = 0.001, g 2 = 0.25). This effect is different for the two hemispheres (F(1,10) = 8.538, p = 0.015, g 2 = 0.46). The motion ERP in the OT of the left hemisphere dominates. Furthermore, the peak on the left side appears earlier than that on the right side (550 and 760 ms, respectively). For the PAR region, there is a significant interaction between motion and hemisphere (F(19, 190) = 4.346, p = 0.001, g 2 = 0.30). The activation at the PAR on the left hemisphere peaks at 550 ms but there is no significant activation on the right side. There is also a Fig. 3 . Back view scalp plots in the infant groups at different time intervals (0-800 ms) after motion onset. Red indicates maximal positive response. time dependent interaction between Region (OT and PAR) and motion (F(19, 190) = 2.401, p < 0.001, g 2 = 0.19). Finally, for the OCC region, there is a marginal effect of motion (F(19, 190) = 1.559, p = 0.07, g 2 = 0.14). This activation is quite late and peaks at 790 ms. Fig. 4 shows that for the 5-month-olds, there is a strong effect of motion in the OT region (F(19, 266) = 8.738, p < 0.001, g 2 = 0.38). There is a weak but significant effect of hemisphere (F(19,266) = 1.715, p = 0.034, g 2 = 0.11). The activation of the OT in the right hemisphere occurs later than in the left, but the peak activation does not show this difference (250/450/610 ms on the left and 540 ms on the right). Furthermore, there is a significant activation of the PAR region (F(19, 266) = 6.756, p < 0.0001, g 2 = 0.33) but no effect of hemisphere. The ERP peaks at 600 ms for both sides. There is an interaction between ROI (OT and PAR) and motion (F(19, 266) = 19.01, p < 0.001, g 2 = 0.58). The effect of motion is quite different for the two regions and it is dependent on time. In the OT region the effect is positive and in the PAR it is negative. Finally, there is a significant effect of motion in the OCC region (F(19, 266) = 3.417, p < 0.0001, g 2 = .
2) that peaks at 430 ms.
The ERPs of the adult group show a reversed polarity relative to the infants. There is a significant effect of motion in the OT region (F(19, 190) = 5.665, p = 0.001, g 2 = .36) but no effect of hemisphere. The latencies of the peak activation are the same for both sides (165 ms). A time dependent effect of motion is also obtained in the PAR region (F(19, 190 ) = 14.22, p < 0.001, g 2 = .59). The effect is similar for both hemispheres peaking at 240 ms. The ANOVA that included both the OT and the PAR regions show that the activations of motion was strongly dependent on Region (F(19, 190) = 23.25, p < 0.001, g 2 = 0.70). The effect of motion is quite different for the two regions and is dependent on time. In the OT region the effect is negative and in the PAR it is positive. Finally, there is a significant activation from motion in the OCC region that peaks at 240 ms (F(19, 190) = 11.51, p < 0.001, g 2 = 0.54).
Discussion
The present results show that dramatic changes take place in the cortical processing of visual motion between 2 and 5 months of age. While the activations for the 2-month-olds were just discernible, the activations for the 5-month-olds were massive. There is evidence that the stimulus motion used in the present study activated cells tuned to coherent motion as well as flicker: the objects moved with 20 Hz, inducing flicker response, and moved with 5 or 15 deg/s, inducing motion response. The arguments are as follows. From 2 months of age, infants track objects with smooth pursuit eye movements geared to the velocity of the stimulus with a lag of less than 100 ms and a gain adjusted to the stimulus velocity (Rosander & von Hofsten, 2002; von Hofsten & Rosander, 1997) . This was at least valid for objects down to a size of 2.5°and for oscillations up to 0.4 Hz. Thus, the start of movement of the stimulus in Fig. 1 should activate motion sensitive cells in the infant's visual brain. In 50 ms the inner and outer stimulus elements move 0.25°and 0.77°, respectively, which corresponds to 5 and 15 deg/s. and is within the limits of resolution of the visual system. Clarke (1973) found that stimuli velocities close to 10 deg/s induced a VEP related to coherent motion (Clarke, 1973; Kuba et al., 2007) . As the sensitivity for temporal flickering is almost adult-like for 2-5-month-old infants (Regal, 1980) , the flicker in the present stimulus (20 Hz or less), should evoke cortical activation in all infant subjects. As discussed above (see Section 2) the activation of flicker vs motion was measured by Sunaert et al. (1999) . Their stimulus size and velocity were in accordance with Clarke (1973 and Schlykowa et al. (1993) , who measured VEP in adults. In conclusion, both types of motion, time (flickering) and spatio-temporal (object velocity) were observed attentively by the subjects.
The ERPs in the infant groups had a higher variation between individuals as compared to the adult group. This is just what is expected in a period of dynamic change and is a function of biological variation in neural growth, maturation and differentiation. Furthermore, the latencies of the ERP were considerably longer in infants as compared to adults. This makes sense considering the fact that that the latency for smooth pursuit onset is 0.6 s in 2-and 3 month olds (von Hofsten & Rosander, 1996) and 0.15 s in adults (Bahill & McDonald, 1983) . Also the latency for saccades is around 0.5 s in infants (Gredebäck, Ö rnkloo, & von Hofsten, 2006) , while it is 0.2 s in adults (Engel, Anderson, & Soechting, 1999) . Another result that differs between infants and adults is the reversed polarity of the ERP. This has also been found for young children (Langrova, Kuba, Kreml'cek, Kubova, & Vit, 2006) . However, a discussion of the neural background for such maturation requires further experiments, 4.1. The development of cortical activation to visual motion in the OT region Although it was not possible to pinpoint the position of the MT+ area in any reliable way, the electrodes at the occipital-temporal (OT) border region showing the highest ERP response in Gruber et al. (1999) turned out to be very good indicators of cortical responses to visual motion in the infants studied. The results indicated that the response of the 2-month-olds is weak and rather unfocused. The separate analyses of the OT and PAR regions gave only marginally significant time dependent effects of motion, while the combined OT-PAR analysis showed a significant interaction between these two ROIs. The scalp plot also indicates that a response takes place (Fig. 3) . Anatomically, histological studies by Flechsig (1901) and further reported by Burkhalter, Bernardo, and Charles (1993) , Tootell and Taylor (1995) , and Watson et al. (1993) support these findings. Flechsig (1901) found that the MT+ area (see Discussion in Watson et al., 1993) was myelinated at birth. Movshon, Rust, Kohn, Kiorpes, and Hawken (2004) measured receptive-field properties in infant macaques and found direction-sensitivity in the majority of MT cells at 1 week of age, (comparable to 1-month-old humans) although the neuronal dynamics was not adult-like.
Distinct cortical activation from visual motion was obtained for the 3-month-old infants in the present study, but only for the left hemisphere (Fig. 4) . This unilateral activation was unexpected and there are several possible explanations for this result. If the input to the left hemisphere comes primary from the right eye at this age as suggested by LeGrand, Mondloch, Maurer, and Brent (2003) , it would imply that the left eye does not provide any input to the visual cortex during, at least, the first 0.8 s after motion onset. This seems rather unlikely because visual smooth pursuit functions quite well over a large part of the visual field at this age with short onset latency (0.56 s) and high gain over the entire range of the trajectory (Rosander & von Hofsten, 2002; von Hofsten & Rosander, 1996 . In those studies, infants were presented with horizontal motion covering 50°visual angle. If, on the other hand, the MT+ in the left hemisphere processes visual motion from both visual fields, it could explain why children with unilateral congenital cataracts, tested at 6 years of age do not show impaired perception of global motion while those with bilateral cataracts do (Ellemberg, Lewis, Maurer, & Brent, 2000) . That explanation suggests that the early visual motion processing in the right visual field is somehow connected to the MT+ area on the left hemisphere. Such a transfer has been shown in adults (Ffytche, Howseman, Edwards, Sandeman, & Zeki, 2000) .
The 5-month-old infants showed a strong bilateral response of motion in the OT region beginning at around 200 ms and peaking at around 600 ms. The response starts earlier in the left than in the right hemisphere (see Fig. 4 ), thus showing that the asymmetry found in the 3-montholds persists to some extent for the 5-month-olds. Although the cortical response to visual motion was different in the 5-month-olds than in the adults, the behavioural correlates of smooth pursuit and motion perception are rather adult-like at this age. Another sensory quality processed by the MT+ area is binocular disparity (Born & Bradley, 2005) . Psychophysical data on the development of binocular disparity show that it also matures between 3 and 5 months of age (Birch & Held, 1983; Braddick, 1996; Gwiazda, Bauer, & Held, 1989) .
In adults, rotation patterns with changing direction give rise to a strong response in the MT+ area (Morrone et al., 2000) . Also Uusitalo et al. (1997) studied rotational stimuli using MEG. They found activation in the occipito-parietal-lateral region after 100-130 ms, with sources in the occipital lobe and in the pre-rolandic region. In some of their subjects activation was only detected unilaterally. Probst et al. (1993) determined dipole sources in the occipital-temporal-parietal region and in extrastriate areas peaking at 160-200 ms after motion stimuli, which is similar to the present study.
The development of activation to motion in the PAR region
In adults visual motion activates areas in the parietal region, downstream from MT+. To evaluate this activity in infants, sensors in the parietal region (PAR) were chosen according to Diana et al. (2005) . Similar to Chugani's (1998) PET observation of maturation of the parietal region, an ERP in the left PAR was observed for the 3-month-olds. In contrast to this study, however, the response in the present study was only observed in left PAR region. A possible reason for this discrepancy is the difference in resolution between ERP and PET. While the present analysis included the first 0.8 s after motion onset, the PET technique average responses over much longer periods. Thus a right hemisphere response could be present but not within the time window analyzed.
In the 5-month-olds the cortical activation in the PAR ROI was reversed relative to the 3-month-olds and the asymmetry had disappeared. Thus, the response at 5 months resembles the adult one. Could the emergence of stronger right hemisphere OT and PAR activations at 5 months be related to the development of visually guided reaching at this age (von Hofsten, 1979) ? The right side is dominant in processing visual-spatial information for reaching in adults Hermsdö rfer, Laimgruber, Kerkhoff, Mai, & Goldenberg, 1999; Jeannerod & Farne, 2003; Oreja-Guevara et al., 2004) . Furthermore, Rizzo, Rotella, and Darling (1992) showed total loss of reaching in an adult patient with right side occipito-temporal brain lesion. It is possible that early human neural maturation of the dorsal visual pathway (Goodale & Milner, 1992) starts on the left side and proceeds to the right, thus opening a window for visual-manual processing at 5 months of age, when most infants start reaching for moving objects.
The qualities of cortical activation to visual motion
Visual motion activates both cells sensitive to the spatiotemporal (coherent motion) and temporal correlation (flicker) of the stimuli. The spatial scalp distribution of the measured cortical activation indicate how it is related to these different types of responses to motion. Sunaert et al. (1999) found that the response to flicker in the MT+ area was only 20-50% of the response in V1. In contrast, the response to coherent motion is weak in V1 and strong in MT+. This is the pattern observed in the present study. The response to motion in OCC was absent for the 2-month-olds and for the 3-month-olds it was both later and weaker in OCC than in the OT area. It is possible, of course, that the pattern of cortical activation from visual motion is different in infants than in adults, that is, that cells that later respond to coherent motion may respond to flicker and vice versa.
Visual pathways involved in the cortical response to motion
The absence of ERP in the OCC ROI at 2 months of age indicates that the SC pathway for visual motion develops ahead of the primary visual pathway. The interpretation of OKN data in infants agree with this conclusion. In newborns, it is driven by a subcortical system (Atkinson, 2000) . The asymmetries between nasal and temporal direction found at 2-3 months of age indicate an emerging cortical path that functions at 5 months of age. (Norcia, Hamer, & Orel-Bixler, 1990; Wattam-Bell, 1991) . Dubowitz et al. (1986) strongly suggest that the cortical processing of visual motion in the primary visual pathway starts at around 2 months. The higher demands on cell activity in the V1-V2 region are reflected in a reversal in BOLD at 8 weeks of age (Muramoto et al., 2002) . In the present study only the first 0.8 s after motion onset was analyzed and it is possible that the un-responsiveness of the OCC for the 2-month-olds is related to the response latency of the different visual pathways. In other words, the primary visual pathway may just be too slow to be detected by our ERP analysis at this age. The developmental progression as reflected in ERP supports this conclusion. At 3 months, the motion evoked ERP in the OCC is only marginally significant, but more importantly, the differential response only evolves at the end of the measured time interval. In the 3-month olds the ERP latency in OT is much shorter than that in the OCC, which supports the hypothesis of a functioning subcortical pathway, as suggested by the Atkinson, Braddick and Wattam-Bell group.
Conclusion
It seems that the first level of visual motion processing in OT takes place in the left hemisphere and develops bilaterally between 3 and 5 months of age. During this period it is a gradual involvement of visual areas. For example our results strongly support that the maturation of the MT+ area results in the adult like smooth pursuit at 5 months of age.
